Transparent conductive oxides (TCOs) are a known failure mode in a variety of thin film photovoltaic (PV) devices, through mechanisms such as resistivity increase and delamination. Degradation science studies of these materials, as well as most PV systems, have primarily utilized industry standard qualification protocols, which are not designed to be used as lifetime prediction tests. This work applies a data science approach to this engineering challenge, utilizing commercially available TCOs and subjecting them to an array of stressors, including environmental and material stressors. Optical, electrical and surface sensitive TCO property metrics were monitored and analyzed en mass. Different degradation mechanisms and modes were observed when different stressor combinations were applied; TCO surfaces are sensitive to the proportion of water and light in an exposure, yellowing of the TCO only occurs when humidity and UV light are combined, and PEDOT:PSS (poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)) application results in hazing and roughening of aluminum-doped zinc oxide (AZO). Using multi-variate analytics and plotting critical material properties against one another in a mechanistic plot, trade-offs between properties and the activation of different degradation mechanisms become readily apparent. In addition to a survey of failure modes of TCOs, a possible solution to the degradation of AZO was examined: the application of an organofunctional silane layer. The application of a thin APTES (3-aminopropyltriethoxysilane) film nearly eliminated the observed edge effects and greatly reduced the resistivity increase caused by damp heat exposure of AZO.
Introduction
The transparent electrode is a constituent of numerous optoelectronic devices, including photovoltaic (PV) devices, display and touch screens, and organic light emitting diodes (OLEDs). A variety of materials are used as transparent electrodes; active areas of research include transparent conductive oxides (TCOs), conductive polymers, such as PEDOT:PSS [1, 2] , and nanowire networks, such as silver nanowires [3, 4] . The device context and expected lifetime of the application determine material durability requirements. PV is a long-lifetime application that involves a myriad of environmental stressors; TCOs are widely used as transparent electrodes in PV, and TCO degradation is a critical failure mode in many PV technologies [5] [6] [7] [8] . Delamination at the TCO-absorber and TCOglass interfaces has been reported in thin film silicon [9] [10] [11] , copper indium gallium selenide (CIGS) [7, 12, 13] , and organic PV (OPV) technologies [14] [15] [16] [17] . Interfacial degradation is often an avenue for delamination and device failure, and control of interfaces is important to device performance [11, [17] [18] [19] . Additionally, voltage-biased electrochemical corrosion of the TCO can lead to cracking [9, 10, 20] , and increased resistivity and structural changes (including roughening and pitting) are widely observed in a number of optoelectronic devices [7, [21] [22] [23] 12] .
In optoelectronic applications, TCO surfaces are often modified with one or more thin interfacial layers (IFLs), such as polymers, organofunctional silanes, and small molecule adsorbates [11, 17, [24] [25] [26] [27] . These modifications are designed to improve device performance by controlling the TCO work function, optimizing rates of charge-carrier transfer, and increasing the compatibility of the polar TCO with nonpolar materials used in OPVs and OLEDs.
Although IFLs can enhance initial device performance, the effect of the IFL on the device's lifetime performance must also be Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/solmat considered. PEDOT:PSS (poly (3,4-ethylenedioxythiophene) poly (styrenesulfonate)) is a polymer commonly used as an electron blocking layer in OLEDs and standard architecture OPV devices to improve device efficiency and adhesion between the ITO (indium tin oxide) TCO and the polymer absorber layer [17] . However, PEDOT:PSS is highly acidic and hygroscopic, causing corrosion of the TCO layer (via dissolution of the indium from the In 2 O 3 matrix) [15] [16] [17] 28] and water-related damage to the entire device [8, 29] . Other commonly used IFLs are organofunctional silanes; these have been used for decades as coupling agents between organic materials and inorganic surfaces, including in OPV and OLED devices to improve performance [30, 31, 19] . Silanes are an excellent candidate for interfacial layers in PV devices due to their dipole-like structure, their customizability, and their established use in commercial processes [24, 32, 33] . With respect to OLED device stability, incorporating a silane interlayer at the ITO/PEDOT: PSS interface has been shown to block the detrimental interaction between PEDOT:PSS and ITO over a short time frame [14] .
For lifetime and degradation science (L&DS), the ideal outcome of an accelerated exposure is to provide rapid, straightforward insights into the lifetime performance of a material or device [34] [35] [36] [37] . In an L&DS study, normal experimental approaches are complemented with an epidemiological approach using data science and statistical analytics. Materials, samples, and devices are considered as a system, and responses under applied stress are observed using a stress and response framework perspective [34] . All exposure conditions (stressors) and all experimentally measured properties are considered variables, and methods of exploratory data analysis (EDA) are used to identify relationships among variables. This data science approach complements the traditional hypothesis driven approach; new, statistically significant degradation modes and mechanisms can be uncovered by the addition of EDA, and detailed statistical analysis of the variables can provide confirmatory insights [38] . From these data, the next step in L&DS can be taken: developing predictive (prognostic) models demonstrating the observed relationships, enabling exploration of the materials and device performance for real world application [39, 40] . Mechanistic degradation models, semi-gSEM (semi-supervised by domain science, generalized Structural Equation Models) can be developed to capture the system's response to stressors [35, 41] . Here, the first steps in an L&DS study are conducted on TCOs.
Current industry standard tests were developed as qualification standards for safety marketability, not as lifetime predictors, generating a need for L&DS. Recent studies and colloquial knowledge have questioned whether these industry standard exposures are accurate predictors of real world degradation mechanisms [5, 42, 43] . Whereas degradation studies of TCOs and TCO devices have been conducted, most have focused on various forms of damp heat testing [9] [10] [11] 7, [21] [22] [23] 12, 44] . The present study broadens the literature, showing that comparison of multiple stressor combinations, including environmental and situational stressors, is necessary to provide insight into degradation mechanisms, including enabling comparison and cross-correlation of performance under accelerated and real world conditions.
In this study, a L&DS approach is applied to the engineering challenge of TCO degradation; illumination, humidity and temperature stressors are applied in various combinations to commercially available TCOs, exploring encapsulation, a polymer stressor (PEDOT:PSS), and a proposed protective silane interfacial layer (3-aminopropyltriethoxysilane, APTES). The optical, surface, and electrical properties of the TCOs were monitored, yielding insights into mechanisms of TCO degradation.
Experimental procedures
AZO (Zhuhai Kaivo Electronic Components Co., Ltd.), ITO (Colorado Concept Coatings LLC), and FTO (Hartford Glass Company Inc.) on soda lime glass (5 cm by 5 cm) were purchased commercially. Samples were subjected to exposures in 168 or 336 h (1 or 2 week) increments (steps) for a total of 1000 to 2526 h of exposure, and samples were removed at 6 time increments during the exposure. After each exposure step, 2-3 samples were removed, cleaned, and characterized. All samples were saved after exposure as part of a retained sample library for further studies. Samples were exposed in one of 4 configurations; open-faced, edge seal encapsulated, edge seal encapsulated with PEDOT:PSS, or openfaced with silane.
Averaged data are shown in the results section and, where applicable, a t-test was performed on the raw data to confirm statistically significant difference [45] . The optical and electrical properties of FTO were found to be robust under all exposure conditions used in this study (open faced accelerated), an observation consistent with the literature [21, 46] . ITO was also statistically robust for many of the monitored exposure conditions and evaluation variables. A total of 234 samples were exposed; the subsets showcased in the results and discussion are shown in Fig. 1 [38] .
This study is done in the spirit of open [47] [48] [49] [50] and reproducible science [47, 51, 52] . Data were analyzed using open source software, the R programming language [53] [54] [55] [56] . All data and the R analysis code to reproduce these analyses are available under an open data license at https://hml15@bitbucket.org/vuvlab/13od-lemiretcos.git [57] .
Measurements of TCO properties
All samples were cleaned before and immediately after exposure to remove any environmental test chamber contaminants before data collection [58] . Sample cleaning involved a series of 10 min sonications in 30°C solvents (acetone, isopropanol, DI water), drying under nitrogen gas, and a 15 min UV ozone clean at 60°C (Novascan PSDP-UV8T). Contact angle data were collected first to minimize time-dependent surface contamination in room air conditions. Then optical measurements were taken, followed by the resistivity measurements.
Contact angle values were collected by taking the averages of 50-frame video measurements at 5 locations on 2 samples (5 water videos from one sample, 5 diiodomethane videos from the other sample). Transmission spectra were obtained using an Agilent Cary 6000i, inline transmission, equipped with a DRA-1800 integrating sphere. Percent haze, yellowness index (YI), L n , a n , and b n values, were obtained using a Hunterlab UltraScan Pro
Colorimeter; L n is the perpendicular axis tracking white to black, and a n and b n are the axes of the color plane. L n , a n , and b n are used to calculate YI and percent haze. Changes in L n , a n , and b n are not necessarily detrimental, but increases in yellowness and % haze are generally taken to be negative as they reduce the amount of light reaching the absorber; yellowness is a surface sensitive measurement that can show degradation before a transmission spectrum would. The resistivity of the ITO films were measured using an EDTM R-chek (model# RC2175) four point probe (edge effect deviations of up to 20% were corrected for in accordance with manual guidelines), and the resistivity of the AZO films were measured using a Keithley 2400 Source and Lucas Labs four point probe, which penetrates slightly into the film. The resistivity measured in the center of the 5 Â 5 cm square samples is reported. Microscope images were collected with a Leica DM 2500 M microscope at 5 Â magnification to observe edge effects of AZO.
Exposure parameters
Five exposure protocols were used (3 accelerated and 2 real world): ASTMG154 X2.1-Cycle 4 (cyclic), Modified ASTMG154 X2.1-Cycle 4 (5 suns UV), IEC 61626 (damp heat, DH), and outdoor exposures at 1 Â and 5 Â concentrations on a dual-axis tracker (see Table 1 ). Note that ASTMG154 X2.1-Cycle 4 is one of the commonly used set of irradiance settings; in this case, the irradiance that is approximately equivalent to 5 suns of UV light at 340 nm [59] . The 5 Â outdoor exposure used front surface aluminized hexagonal mirror concentrators to concentrate the sunlight, such that the final irradiance is 5 times the sun's direct irradiance.
Encapsulation
Encapsulation serves to prevent water condensation on the materials of interest while not hampering the diffusion of humidity into the system [60] . Samples were prepared for encapsulation by wet etching the ITO and AZO samples with 50:50 concentrated HCl:H 2 O solution to remove the edges, cleaning, applying 1/3 of a 10 mm width of Quanex Solargain™ Edge Tape -SET LP03 (WVTR 0.3 g/m 2 /day at 100% Relative Humidity (RH), 37.8°C) on each etched edge, and placing a 5 cm by 5 cm glass square on top of the edge tape. Glass-glass lamination was accomplished in a P.Energy L036LAB panel laminator at 90°C and 500 mPa after 10 min evacuation. The samples were delaminated by dipping the samples in liquid nitrogen.
PEDOT:PSS
For samples aged with OLED-grade PEDOT:PSS, the as-received polymer from Clevios (PVP AI4083, resistivity of 750 cm Ω , solids 1.75%) was spun cast onto the etched, cleaned TCO before lamination. The polymer was spun at 4000 rpm for 40 s and postbaked for 10 min at 150°C. The PEDOT:PSS was wiped from the edges of the glass with a DI water dampened optical wipe. Samples were stored in nitrogen until encapsulation, with less than 10 min of air exposure after PEDOT:PSS deposition. Post-exposure, the PEDOT:PSS was removed with a DI water-dampened optical wipe, and the TCO was solvent cleaned before data collection. All PEDOT:PSS related data presented are taken on the TCO after the PEDOT:PSS was removed, unless otherwise stated.
Silanization
APTES films were deposited on clean TCO samples in a 1% v/v silane/anhydrous toluene solution for 60 min at 65°C, followed by a series of solvent rinses (anhydrous toluene, chloroform, methanol), drying under nitrogen, and a 10 min bake at 120°C. As a trifunctional silane, APTES (shown in Fig. 2 ) can create up to 3 bonds with surfaces or other APTES molecules, forming multi-layers [61, 30] . Conditions were chosen to form a thin (approx. 1 nm), continuous film on the TCO surface [30] . Baseline contact angle measurements of the TCOþ silane stack were acquired on freshly deposited samples.
After exposure, the TCOþ silane stack was solvent cleaned, and the APTES layer was removed with a 40 min UV-ozone clean at 60°C. Silane removal was confirmed using water contact angle measurements before proceeding with TCO cleaning and data collection. All data presented for silanized TCOs are taken on the TCO after the silane was removed, unless otherwise stated.
Results

Open-faced TCO degradation
Three transmission spectra of AZO in various exposures and configurations are compared to their baselines in Fig. 3 , providing a qualitative survey of the degradation modes. Fig. 3 shows AZO after 1000 h ∼ of (a) 5 suns UV exposure, (b) damp heat exposure, and (c) cyclic exposure. Different features appear in the postexposure spectra for each stressor combination; no degradation is apparent in the 5 suns UV exposure (light stressor). After damp heat exposure (humidity stressor), a peak-trough height reduction is observed, which suggests surface roughening. Cyclic exposure, Table 1 Exposure parameters used in this study protocol. which combines humidity and light stressors, results in not only a peak-trough height reduction, but also a rolling of the fringes, and an increase in transparency in the IR region. Rolling of the fringes suggests a change in film thickness, and the increase in transmission in the IR region is tied to a reduction in free carriers [12] . No changes were observed in the transmission spectra of ITO after 1000 h of the same three exposures.
To examine the degradation quantitatively in a statistically robustly fashion, we turn to a variety of metrics that produce discrete data. The effect of accelerated open-faced exposures on the water contact angles of AZO (a) and ITO (b) surfaces are shown in Fig. 4 . It is observed that the contact angle scales with the water content of the exposure: 5 suns UV with no active addition of water results in a lower water contact angle, damp heat at 85% relative humidity results in a higher water contact angle. The cyclic exposure, alternating water spray and the 5 suns UV parameters, maintains the initial, unexposed water contact angle.
Neither the damp heat nor the 5 suns UV exposure resulted in a change in AZO YI, Fig. 5 . However, the AZO YI does increase in the open-faced cyclic exposure, the only accelerated exposure to combine water and light stressors. No changes in YI of ITO were observed.
Finally, the resistivity of AZO was observed to increase by 250% in the damp heat exposure, shown in Fig. 6 , and the AZO resistivity appears to trend upward during the cyclic exposure. The 5 suns UV exposure had no effect on the resistivity of either ITO or AZO. The ITO resistivity was 57 7 /sq ± Ω for up to 1000 h of damp heat and cyclic exposure.
Encapsulated PEDOT:PSS Configuration
The previous section explored the results of exposing openfaced TCOs to three accelerated testing protocols. By adding a layer of PEDOT:PSS and encapsulating the sample, a pseudo-cell structure is achieved that mimics an in situ environment. Note that the PEDOT:PSS was removed and the TCO was cleaned after the exposure, and before the sample characterization; thus measurements of the optical and electrical properties are of the TCO, not of the PEDOT:PSS thin film. The optical properties of the ITO were not affected by the addition of PEDOT:PSS, under any of the accelerated exposure conditions. Qualitatively surveying this configuration, Fig. 7 shows images of AZO where PEDOT:PSS was deposited and immediately removed, subjected to no environmental exposure. The large bulbous hazy area is the initial deposition area where the PEDOT:PSS solution puddle sat for approximately 2-5 s before the spin coating process was initiated. All AZO samples with PEDOT:PSS demonstrated visually similar deposition effects; these effects were not observed for the ITO samples after exposure to PEDOT:PSS.
As with the bare AZO, the interference fringes of the transmission measurements of AZO coated with PEDOT:PSS change with different exposures, as shown in Fig. 8 . Here, the additional stressor of the corrosive PEDOT:PSS results in changes in transmission above and beyond those observed for the bare AZO. Both exposures result in a reduction in peak-trough height and rolling of the fringes; additionally, an overall reduction in transmission is observed, greatest in the 5 Â outdoor exposure. The reduction in transmission is consistent with the haziness shown in Fig. 7 .
For samples exposed with PEDOT:PSS, Fig. 9 shows the %haze, water contact angle and YI data for AZO in both accelerated and real world exposures; open-faced accelerated exposure data for bare AZO are also plotted for comparison. All exposures with PEDOT:PSS are high in haze (greater than 4%) with a large amount of scatter and no trending. The haze is created by application of PEDOT:PSS to the AZO, as shown in Fig. 7 ; variations in the initial contact time before spincoating may account for the scatter in the haze measurements. The exposure types do not appear to increase the sample haze. Similarly, all exposures with PEDOT:PSS maintain a lower water contact angle than those without. Additionally, the YI of exposures with PEDOT:PSS show a step increase after the initial exposure step (baselines had PEDOT:PSS applied and immediately removed for haze and yellowness measurements).
Finally, a side note about the PEDOT:PSS; a change in hydrophilicity of the PEDOT:PSS was observed after 5 Â outdoor exposure. PEDOT:PSS is a mixture of hydrophillic PSS and hydrophobic PEDOT; the freshly deposited material is hydrophillic. After the ITO/PEDOT: PSS samples were subjected to the 5 Â outdoor exposure, a portion of the polymer became hydrophobic. Fig. 10 shows that the hexagonal area in the center is hydrophobic (86°water contact angle), whereas the surrounding area is hydrophillic (26°water contact angle). The central hexagonal area is consistent with the shape of the front surface mirror that concentrates light onto the sample, suggesting a light induced polymer rearrangement/degradation.
Silane protective layer on open-faced TCO
Organofunctional silanes are proposed as a possible protective layer for TCOs. When APTES was applied to AZO, a significant improvement over bare TCO degradation was seen in both the physical and electrical properties. In Fig. 11 , micrograph images of the edges of AZO samples show (a) a shelf aged sample, (b) damp heat exposed AZO, and two areas (c,d) of AZO with silane exposed to damp heat. Without a silane protective layer, the 5 cm square sample had a ∼ 2 mm wide swath of pitting and delamination edge effects around the entire sample perimeter. With the silane protective layer, these edge effects were almost entirely eliminated, reducing the area and extent of the degradation to only a few locations around the perimeter, 1 mm < wide. Degradation of the electrical properties of the AZO by damp heat exposure is also mitigated by the application of the silane layer. Exposure of bare AZO to 1000 h of damp heat resulted in a 250 % increase in resistivity; the addition of the APTES layer reduced the value to only a 60% increase, Fig. 12. 
Discussion
Degradation with interfacial layers
Two surface modifications were applied to AZO and ITO, PEDOT:PSS and a silane (APTES), to observe the degradation of the TCO in the context of a device. ITO properties were observed to be stable with both PEDOT:PSS and APTES layers within statistical significance. AZO served as the canary in a coal mine. Firstly, the images in Fig. 7 clearly demonstrate that the majority of the optical degradation due to the PEDOT:PSS stressor on AZO occurs at deposition. This is consistent with PEDOT:PSS literature [14, 62] , and agrees with the known sensitivity of AZO to acidic aqueous conditions; the PEDOT:PSS solution is water based, so the deposition involves the highest level of water exposure in combination with an acidic environment. AZO haze data (Fig. 9a) support that degradation occurs at deposition; the baseline is high, and the data are scattered and do not trend with exposure time. Secondly, combining the PEDOT:PSS stressor with environmental stressors resulted in decreased water contact angles (Fig. 9) , implying a roughening of the AZO surface. This is borne out in the changes in AZO transmission spectra in Figs. 3 and 8. These PEDOT:PSS exposed samples also demonstrate the highest YI observed in all exposures conducted; YI after approximately 100 h is universally high and does not trend with time. For perspective, simply applying a PEDOT:PSS layer to AZO causes the same optical degradation as 1000 h of cyclic exposure of the bare AZO.
Clearly, PEDOT:PSS is not a compatible surface modifier for AZO. In contrast, the application of APTES, an organofunctional silane and known water-resistant surface modifier [24, 32, 33, 14] , was found to be beneficial to AZO. From the optical images in Fig. 11 , it is clear that the application of the silane has reduced the occurrence and extent of the edge delamination-type degradation in AZO due to a humidity stressor. The silane layer also protects the electrical properties of the AZO film, reducing the resistivity increase from 250% to only 60% after 1000 h of damp heat exposure. These are promising results for incorporation into a device: appropriate choice of a surface modifier can both offer protection of critical underlying material properties and customize the TCO by selection of the silane functionality. The next step in testing silane protection for TCOs is to expose a TCOþsilane stack in an encapsulated configuration to a multifactor environmental exposure. These results for both the PEDOT:PSS and silane systems demonstrate the importance of testing materials in context; degradation modes are added or changed with the addition of device layers.
Utility of single and multi-factor exposures
To deconvolve the degradation modes of a system, the individual components should also be evaluated separately; here we examine the degradation of bare TCOs and put the findings in the larger context of lifetime and degradation science. Observational results, such as spectral changes, can direct further testing to identify specific mechanisms. Comparison of the changes in the AZO spectra under different stressor combinations, Fig. 3 , yield qualitative insights into the degradation: as additional stressors are added (humidity and irradiance), additional degradation modes are activated. As such, we now examine statistically robust, quantitative data to better relate stressors, both single and multifactor, to their mechanistic responses. Resistivity of AZO with and without silane exposed to damp heat. Without the silane protective layer, a resistivity increase of 250% is observed, while the silane-protected AZO resistivity only increases by 60%.
The examination of water contact angles relates thin film changes seen in spectra to delamination problems observed in deployed technologies. The profound surface sensitivity of TCOs can be observed in the effect of cleaning methods [58] . As observed in Section 3.1, humidity and irradiance stressors each cause a deviation from the baseline water contact angle, but these stressors negate each other when combined (cyclic exposure). This sensitivity to the water:light proportion of the exposure clearly demonstrates the importance of multifactor testing.
Similarly, the YI of AZO increases only in the multifactor cyclic exposure (Fig. 5) , suggesting that a new degradation mode indicated by yellowing was activated by the presence of both humidity and irradiance. This also exemplifies the need for simultaneous or sequential multifactor testing. This is not to say that single stressor testing has no place in lifetime and degradation science research. In Fig. 6 , a resistivity increase is observed in all exposures with water as a stressor; a slight increase in cyclic's mild humidity exposure and a drastic increase in damp heat's aggressive humidity environment, reinforcing that the resistivity of AZO is water sensitive [23, 63, 12, 6] . While the damp heat exposure may be an unreasonable acceleration or unrelated to real world degradation mechanisms, this single stressor environment yields a useful response magnitude, enabling deconvolution of multi-stressor testing; a tool to be used in combination with other exposures.
Mechanistic plot analysis
Another critical tool for lifetime and degradation science is the variable-variable mechanistic plot, in which two system responses are plotted against each other for different exposure conditions to identify the most realistic multifunction exposures for accelerated screening tests. TCOs have two critical properties to their functionality; conductivity and transparency. Plotting these two variables against one another highlights material property trade-offs, and can reveal insights into the mechanisms of degradation. Fig. 13 plots the YI of AZO versus its resistivity for the different openfaced accelerated exposures.
In this mechanistic plot, we observe as we did previously, that there is no response due to irradiance alone, a large increase in resistivity due to the humidity stressor, and an increase in YI only in the multi-stressor cyclic exposure, accompanied by a slight increase in resistivity. This plot not only combines several plots into one, but clearly displays the different degradation mechanisms activated by different stressor combinations; the YI increase is unrelated to the resistivity increase and both mechanisms can coexist [37] . Mechanistic plots such as these, paired with correlations and statistical models, can lead to the characterization of complex degradation mechanisms and pathways in materials, components and systems [35] .
Conclusions
A lifetime and degradation science approach was applied to the engineering challenge of TCO degradation in long service-life devices, such as photovoltaics. This data science approach utilized commercially available TCO materials, and subjected them to an array of stressor combinations, including environmental and material stressors. Optical, electrical and surface sensitive TCO metrics were monitored and analyzed in a statistically robust fashion, broadly observing critical macroscopic material properties. From this wide survey, mechanistically different degradation was observed when stressors were combined; PEDOT:PSS application results in hazing and roughening of AZO, while silane coated AZO displayed fewer edge effects and slowed the degradation of the conductivity in damp heat; TCO surfaces are sensitive to the proportion of water and light in an exposure, and the combination of water and UV light is required to activate a yellowing mechanism in AZO. By plotting critical material properties against one another, a mechanistic plot, we observe the trade-offs between properties and the activation of different degradation mechanisms and pathways due to different stressor combinations. Specifically, the YI increase and resistivity increase in AZO are unrelated but can coexist. Through examination of many stressor combinations (both accelerated and real time) critical stressors can be convolved, deconvolved, and applied in realistic proportions to build more accurate degradation pathways, yielding better lifetime predictions and identifying actions to improve lifetime performance. Fig. 13 . YI as a function of resistivity of AZO in the three accelerated exposures, damp heat, cyclic and 5 suns UV. This plot combines the results of 3 others into a single image, readily displaying a trade-off between material properties and the activation of different degradation mechanisms.
